The models used in the NRC approach to assess chronic atmospheric releases of radioactivity generate deterministic dose estimates by using standard assumptions about exposure conditions and environmental transport mechanisms. This approach has been used at the Savannah River Site since 1983. Total dose to off-site maximum individuals at the SRS from atmospheric releases has been on the order of 1 µSv/yr, three orders of magnitude lower than the applicable dose limit. When estimating atmospheric dose many parameters remain unchanged each time calculations are performed. These parameters, therefore, are essentially unimportant with regard to routine modeling. It is proposed, therefore, that transport and dosimetry models can be reduced to simple functions of a few parameters that essentially determine dose at all locations across the site. The three-parameter transport and dosimetry model developed in this work is useful for quick and easy estimates of chronic atmospheric tritium dose that are within a factor of 2 of estimates by more sophisticated models. The three parameters critical to estimating annual average concentration at the Savannah River Site are wind-direction frequency, downwind distance, and physical stack height.
INTRODUCTION
Doses to uniquely defined off-site individuals are routinely reported for chronic atmospheric releases of radioactivity from nuclear installations in the United States. Such dose estimates are generally produced pursuant to the methodology prescribed by the US Nuclear Regulatory Commission (NRC). The models used in the NRC approach generate deterministic dose estimates by using standardized and often simplified assumptions about exposure conditions and environmental transport mechanisms as input to a series of calculational routines (NRC 1977a (NRC , 1977b ). This approach has been used at the Savannah River Site (SRS) since 1983 in the form of site-specific versions of computer codes employing the NRC models.
Since 1991, with the cessation of weapons-materials production, total dose to off-site maximally exposed individuals at the SRS from atmospheric releases has been on the order of 1 µSv/yr, three orders of magnitude lower than the 10 CFR 20 dose limit to members of the general public (1,000 µSv/yr) and two orders of magnitude lower than the NESHAP limit via atmospheric releases (100 µSv/yr). In years prior to 1991, typical doses were on the order of tens of µSv/yr, still much lower than the federal dose limits. Tritium oxide released to the atmosphere from the SRS accounts for a large fraction of off-site dose. Previous work (Bauer and Hamby 1991; Hamby 1993) shows that the uncertainty in the calculation of individual dose from atmospheric tritium, starting with a "known" atmospheric concentration, spans more than an order of magnitude. Additionally, longterm air concentration estimates of tritium oxide over-predict actual concentrations at the SRS by as much as a factor of two (Simpkins and Hamby 1997) and long-term atmospheric concentration estimates, in general, are within a factor of 2 to 4 for non-complex terrain (Miller and Hively 1987) .
When estimating atmospheric dose at the SRS, as would be the case at other sites, many parameters remain unchanged each time environmental dose calculations are performed. These parameters are essentially unimportant with regard to routine modeling, even if they are ones to which the model is sensitive (Hamby 1995) . It is hypothesized, therefore, that transport and dosimetry models can be reduced to simple functions by determining which parameters change from one calculation to the next, resulting in a few parameters that essentially determine dose to a hypothetical maximally exposed individual at any location across the site.
Screening models are in use around the country as a way of quickly determining compliance status or order-of-magnitude consequence for various release scenarios (US EPA 1992; NCRP 1996) .
Although greatly simplified, these models still require the use of a desktop computer or rather laborious hand-calculations. With uncertainties in tritium dose predictions ranging more than an order of magnitude (Bauer and Hamby 1991; Hamby 1993) , and with environmental doses at SRS being much less than allowable limits, use of a simplified model, one that can be executed on a hand calculator, is justified in terms of time and resource savings as long as its results are comparable to those from standard methods.
TRITIUM TRANSPORT AND DOSE MODELING
The transport of tritium from its release through the atmosphere to human receptors typically is predicted using a Gaussian plume model (NRC 1977b) to estimate downwind air concentrations and a specific activity model (NRC 1977a) 
is used to estimate downwind, ground-level concentrations for short-duration releases.
Descriptions of the parameters in Eqn. 1 and in equations to follow are given in Table 1 . For longer time frames, over periods where wind characteristics (speed, stability, and direction) are expected to vary, a sector-averaged concentration is predicted where, 
An array of sector-averaged concentrations is calculated for all combinations of wind speed category, i, and stability class, j. These concentrations are then multiplied by their respective frequency of occurrence, f ij , summed, and multiplied by the frequency with which the wind blows toward sector k, such that, 
i.e., the formulation for estimating annual-average air concentration. Using a specific activity formulation, the concentration of tritium in vegetation, C V , is modeled as,
where f w is the fraction of plant mass that is water, R pa is the ratio of plant tritium (in the oxide form) to atmospheric tritium (Hamby and Bauer 1994) , and H is the absolute humidity (Hamby and Jumper 1990) . The concentration of tritium in beef (or milk), C M , is determined by,
where F m is the feed-to-meat (or milk) transfer coefficient, Q F is the consumption rate for beef (or milk) cattle, λ is the radiological decay constant, and t t is the transport time of beef (or milk) from the farm to the point of consumption. Since the half-life of tritium is more than twelve years, and the transport times for beef and milk are on the order of a few days, the exponential term in Eqn. 5
is essentially equal to unity.
Once concentrations, C EM H

3
, are determined in the various environmental media, the effective dose from tritium, H E H ( )3 , is estimated using the general equation:
where U represents the usage factor or consumption rate for a given consumable or exposure condition, DF H 3 is the internal tritium dose factor (DOE 1988; EPA 1988) , and t is the time of exposure (generally, one year). Exposure pathways for tritium considered at the SRS include inhalation, skin absorption (taken to be 50% of the intake from inhalation (ICRP 1978)), ingestion of leafy and non-leafy vegetables, ingestion of beef, and ingestion of milk. 
a combination of the NRC's atmospheric dispersion model (1977b) and the NRC's atmospheric tritium dose model (1977a). The five terms in the second set of brackets represent the exposure pathways of inhalation/skin absorption, beef consumption, milk consumption, non-leafy vegetable consumption, and leafy vegetable consumption, respectively. The aggregated model is useful in facilitating sensitivity analysis (Hamby 1995) and is paramount in deriving our simplified threeparameter model.
The model of Eqn. 7, except for slight modification as described below, is the same as that used on a routine basis at the SRS. The MAXIGASP code (Bauer 1991; Hamby 1992; Simpkins and Hamby 1997 ) is a site-specific combination of a module to calculate atmospheric concentrations, XOQDOQ by Sagendorf et al. (1982) , and a module to estimate internal and external dose, GASPAR by Eckerman et al. (1980) . Given a joint frequency distribution (JFD) of wind speed and stability for a given wind direction, annual dose to a downwind individual is determined by,
For calculations of D ij (x), at a given downwind distance and in a particular sector, only the parameters (σ z ) ij and u ij will take on different values. Therefore, using average values of (σ z ) ij and u ij , weighted by the JFD, Eqns. 7 and 8 can be combined such that, 
where (σ z ) k and u k are the sector-averaged vertical diffusion coefficient and windspeed, respectively.
In the equations above, the effective release height, h e , takes into account the physical height of the stack, any plume rise component, and any increase in elevation between the release point and the receptor. Atmospheric modeling for environmental dosimetry at SRS is carried out with the conservative assumption of no plume rise, however, changes in elevation are considered. One of the goals of developing our reduced model is computational ease, including parameterization and the ease in which input values are obtained. Effective stack height is most easily modeled as simply the stack's physical height. Since the SRS terrain is relatively flat, with a gentle upward slope from the southwest to the northeast, the error contributed to the output from a simplified model as a result of assuming flat terrain is expected, and shown herein, to be minimal.
Other potential sources of inaccuracies in our simplified or reduced model are borne out of the handling of wind speed as a function of elevation above the ground surface and constraints placed on the maximum value of the vertical diffusion coefficient. During each calculation of dose using the full model (Eqn. 7), wind speed is corrected for release height using the power function,
where h e is the effective release height, h m is the height of wind-speed measurements, and the ratio of the two is raised to the CE j power, the value of which depends on atmospheric stability (Pendergast 1976; Stull 1988) . In the full model used at the SRS, the value of CE j is 0.25 for stability classes A through D, and 0.5 for classes E, F, and G. The corrected wind speed is then the product of the measured wind speed and the factor, F. According to this model, the maximum change in wind speed occurs when the value of F is at its minimum. This occurs when the atmosphere is stable and when the release height is at its lowest (i.e., 10 meters for applicability with the reduced model). Wind statistics used for modeling at the SRS are measured at a height of 61 meters. Under the stated conditions, wind speed at lower altitudes is reduced by as much as 60%, resulting in an increase in the modeled concentration for a given set of atmospheric conditions of as much as 2.5 times. This increase, however, is for calculations of downwind concentration under specific atmospheric conditions, thus the impact on the model presented below is expected to be reduced considerably due to the averaging effects of calculating an annual-average concentration.
The annual-averaged value of inversion height at the Savannah River Site is approximately 1000 m.
Therefore, when calculating the atmospheric concentration of various nuclides, based on the fiveyear JFD, the values of σ z are constrained to be no greater than 1000 m. There is no impact on these calculations for conditions of a neutral or stable atmosphere. However, during times of instability, values of σ z can become quite large unless constrained. The impact that this will have on how accurately the reduced model can estimate dose relative to the full model is assumed to be minor, given that the model is essentially estimating a weighted average stability over an entire year.
DEVELOPMENT OF A REDUCED MODEL
Least Squares Method and Model-Selection Criteria. A least-squares minimization technique was used to develop parameter coefficients in the reduced model by comparing full-model (Eqn. 7)
dose calculational results with the reduced-model predictions. One hundred eleven input data points were employed as release scenarios in multiple iterations to systematically adjust parameter coefficients, thereby reducing the sum of the squared residuals between full-and reduced-model predictions.
More than twenty variants of the reduced model (to be described below) were analyzed and compared in selecting the preferred model. The criteria developed for model comparison included quantitative measures of model accuracy and precision, and a qualitative assessment of calculational ease.
The sums of squared fractional differences were used to measure model accuracy; i.e., the fit of the reduced-model results, as determined by the iterative method, to the associated full-model output. It is also the measure that is minimized in the least-squares technique. Our quantitative measure of model accuracy, M a , is essentially the chi-square statistic and is represented here as,
where δ i is the fractional difference or sometimes referred to as the residual,
and D if is the full-model dose prediction (the "expected" value) and D ir is the reduced-model dose prediction (the "observed" value). This measure gives a relative comparison of how closely the data can be fit to a single function for each model variant. Fractional or relative differences in the full-and reduced-model predictions, i.e., relative to the full-model predicted dose, are used in this measure since the dose estimates span several orders of magnitude; using absolute differences would result in more weight being given to the datasets producing dose predictions of larger magnitude.
The relative precision of reduced-model variants was measured by the standard deviation of the fractional differences of the reduced-and full-model predictions. Algebraically, our measure of
and is essentially the standard deviation of residuals, with δ _ equal to the average of the n residual values of δ i .
The minimum and maximum values of δ i over the 111 datasets analyzed were used as additional qualitative measures of both precision and accuracy. Relative precision was determined from these values by noting the range between the minimum and maximum values and relative accuracy was determined by how close the midpoint of the range was to zero.
Calculational ease was also a factor in selecting the preferred model. Several model variants gave similar results without appreciably compromising accuracy or precision. Therefore, the selected model was one that did not necessarily produce the best accuracy/precision measures, but its predictions were judged to be comparable to the predictions of the most accurate model variant, yet with a requirement of less calculational rigor.
The Reduced Model. Of all the potential radiological emissions points at the Savannah River Site, more than 98% of the atmospheric tritium oxide is released from the reactor and separations facilities, with an additional 1% originating from the heavy water treatment facility (SRS 1997).
Other origination points do exist, however, but include various unmonitored diffuse and fugitive sources around the site. In the vast majority of instances, tritium that is released to the atmosphere will be purged through a given facility's exhaust stack as opposed to a building vent. At the SRS, these stacks are typically between 10 and 61 meters, with the preponderance of releases exhausted from the 61 meter stacks. Additionally, environmental dose calculations are carried out for individuals residing at the site boundary, i.e., at downwind distances from 800 m (0.5 mi) to about 32 km (20 mi.), depending on the release location. The reduced model developed here, therefore, is bounded in its applicability by these features.
Parameters that are important in the reduced model, in the context of this paper, are those that change from one calculation to the next when estimating downwind dose due to atmospheric releases of tritium oxide. The important parameters, therefore, in Eqn. 9 are Q, f k , h e , (σ z ) k , u k , and
x. All other parameters are assumed constant for all annually-averaged calculations of atmospheric tritium dose at any location within 80 km (50 mi.) of the SRS.
The reduced model is formulated, first, on the premise that dose can be estimated by substituting all parameters that remain unchanged for any calculation of atmospheric tritium dose at the SRS with a single proportionality constant, K. Therefore, Eqn. 9 can be represented as, 
Since the release rate, Q, is the total tritium activity, A T , released per unit time, t (one year in this case), the constant of time also can be absorbed into K. And 
When estimating the value of (σ z ) k using the power function, the constants, A, B, and C, will take on different values for each stability category. However, when estimating annual average concentration at a given location, we are assuming that (σ z ) k can be represented with a JFD-weighted average value of the vertical diffusion coefficient. Therefore, single values of A, B, and C will be used to calculate that average value.
The ratio, D/A T , will be called the "Atmospheric Dose Factor" (ADF) and will be in units of dose (in µSv) per unit activity (in GBq) of tritium released to the atmosphere. It is Eqn. 15 that is considered here as the fundamental reduced model. A number of variations of the fundamental model were assessed in attempting to simplify the function, yet maintain predictability of atmospheric tritium dose. Variations of Eqn. 15 include, but are not limited to, those shown in Table 2 .
The greatest simplification of the fundamental model would be the removal of the exponential term which accounts for stack height and its influence with regard to vertical stability. Considering an average value of σ z , weighted by the JFD and substituted with the power function, the exponent,
is more important at close distances as stack height increases (within about 5000 meters). At greater distances, for the range of possible stack heights at SRS, the exponential is essentially equal to unity (see Fig. 1 ). The two parameters determining the value of the exponent are downwind distance and stack height. Compensation for distance will be handled in the denominator of the model's other term, whereas stack height must be considered separately.
The power term in the denominator of Eqn. 15, B+1, will be replaced with B, since it is simply a coefficient to be determined by the least-squares minimization technique. And, since downwind concentration at a given location, again with an estimate of average vertical stability, is inversely related to stack height, the first model variant considered was,
where the ADF is considered to be directly proportional to the inverse of stack height.
Predictability of dose using this model is lessened compared to the fundamental model (see Table   2 ). In Fig. 1 , the curves of inverse stack height and inverse natural log of stack height have been normalized to a value of one at a stack height of 10 meters. This allows these functions to be compared to the value of the exponent for values of stack height from 10 to 61 meters. From Fig.   1 , it is apparent that the normalized function of inverse stack height does not represent the value of the exponent. However, the figure shows that the normalized function of inverse natural logarithm of stack height may be more appropriate. Therefore, another variant of the reduced model,
was considered and shown to be a better predictor with even more precision than the fundamental model of Eqn. 15.
Since a site-averaged windspeed, u t , is more easily managed than individual sector-specific windspeeds, the reduced model was then tested by replacing u k with u t . The resultant model variant,
showed an appreciable increase in both accuracy and precision. Additionally, when windspeed was removed from the model all-together, making it even simpler,
predictability was unchanged. Solely in the interest of simplification, the term Cx in the denominator was removed, the constant A was joined with the constant K and, again, the model was tested. The minimization technique showed that model accuracy and precision was compromised, but not to a degree that would prohibit its use in the form,
The final three-parameter model, Eqn. 21, was evaluated using the iterative method described and its resultant values of the constants were as follows: K=4.73 and B=1.36; so that the ADF (in units of µSv/GBq) is equal to:
Atmospheric tritium dose to the receptor is then estimated from the reduced model by,
where D r is the chronic dose to a maximum individual at a given downwind distance as a result of the release of an amount, A T , of atmospheric tritium over the course of an "extended period". This period can be any length of time as long as equilibrium is established between atmospheric and vegetation tritium and between vegetation and animal tritium. Additionally, the time must be such that the meteorological conditions are well described by the joint frequency distribution(s) used in its development. The intent of the ADF is, however, meant to be applied to annual dose estimates.
Although there is no prevailing wind at the SRS, meteorological data show that average annual wind-direction frequencies range from roughly 3 to 9% over the sixteen cardinal sectors.
Therefore, the parameter, f, is very important in the reduced model because of the potential threefold difference in the value of the parameter. Likewise, stack height and downwind distance are critical in the estimation of atmospheric concentration, and thus individual dose.
Variability in the difference between the reduced-and full-model predictions is present since the reduced model is used to predict dose over all sectors where the frequency of windspeed and stability are known to change. However, by using a power function to approximate a weighted average of σ z , in terms of downwind distance, the reduced model is capable of dose estimates that are comparable, and certainly within the realm of uncertainty, to predictions using current models.
In addition to the model variants addressed above, and shown in Table 2 , several other models were examined to determine the influence of terrain and various windspeed measures. These studies suggest that the ADF is not sensitive to elevation increases for a relatively flat site, such as the SRS, and that windspeed, when averaged over an entire year, is simply not important in predicting dose within reasonable limits. The results, therefore, indicate that the three-parameters of Eqn. 22 are sufficient to estimate downwind atmospheric tritium dose to within a factor of 2 of doses calculated with the full NRC atmospheric and dosimetry models (i.e., Eqn. 7).
ANALYSIS OF THREE-PARAMETER MODEL
The final three-parameter model, Eqn. 22, was assessed by examining scatter plots of the squared fractional difference, δ 2 , as a function of several potentially influential parameters. The intent of this analysis was to uncover systematic errors that would not be noticeable otherwise, so that global corrections could be made to the model, if necessary. µSv/GBq) and under-prediction at high dose (>5x10
µSv/GBq), but only for a few estimates at the ends of the dose range.
With the parameter K equal to the original value of the constant that resulted in the lowest sum of residuals (K=4.27), the distribution of fractional differences, δ, for the data in Fig. 2 , indicates that the model is more likely to under-predict the full-model dose. To correct this problem, the value of the constant, K, in Eqn. 22, was increased to a higher value (4.73) by trial and error to force the distribution of under-and over-predictions to be more balanced (see Fig. 3 ). This distribution, however, appears to be skewed such that the positive fractional differences are of greater magnitude than the negative fractional differences. By definition, however, a positive value of 0.5 for fractional difference indicates that D r is a factor of 1.5 times higher than D f , whereas a negative value of 0.5
indicates that D r is less than D f by a factor of 2.0. The extreme limits of the fractional difference in Fig. 3 , therefore, show that the reduced model may overestimate the full model by as much as a factor of 2.1 and may underestimate the full model by as much as a factor of 1.7. The over-and under-predictions, however, continue to remain well within the realm of uncertainty of tritium transport and dosimetry estimates and are adequate for screening measures.
The data points that result in the largest positive fractional differences generally are those associated with very low frequencies of occurrence. For instance, the four highest values are associated with different stack heights and varying receptor distances, but the frequencies of occurrence for each scenario are of the lowest values in the overall dataset, approximately 2.5%. At the other end of Fig.   3 , the four smallest values of fractional difference appear to be related, not necessarily to winddirection frequency, but more so to a combination of shorter stack height and close-in receptor distances. Figure 4 is a scatter plot of the squared fractional differences, δ 2 , versus downwind distance. This plot gives an indication of how well the parameter of downwind distance fits the model. Figure 4 suggests that downwind distance is not systematically influencing reduced-model results. This method also was used to determine the influence of wind-direction frequency, physical stack height, and windspeed on model results. As mentioned above, the distribution of δ 2 as a function of directional frequency for the reduced model showed a slight systematic dependency of error on wind-direction frequency in that the three largest residuals occur for scenarios where the value of f is at its minimum.
In the scatter plot to determine the influence of stack height on δ 2 , there is one data point in each of the stack-height categories that is dramatically different than the rest. The outlying residual value for each stack height is associated with the lowest values of wind-direction frequency, corresponding to winds blowing to the south. On closer examination of the joint frequency distributions for the various meteorological towers located on the SRS, it is apparent that when the wind blows to the south, there is a preponderance of conditions resulting in an extremely unstable atmosphere. The frequency of A stability, for example, in other sectors is roughly equal to 20%, whereas for the south sector of each of the databases, the frequency of A stability conditions is about 60%, a three-fold increase over other sectors. The bi-directional wind vanes (bivane) used at the SRS have an electrical "gap" in the measurement of horizontal wind direction from 359.5 to 0.5 degrees azimuth (Parker and Addis 1993) . When the vane is positioned in this gap, resultant readings are spurious and cause associated south sector (northerly winds) values of vertical stability to be slightly larger than the actual atmospheric conditions. So, not only does the wind rarely blow to the south, but when it does, the data reflect the appearance of consistently unstable conditions.
Since the vertical diffusion coefficient, represented as the power function in the reduced model, is in the denominator, smaller values result in higher doses. Since the reduced model is essentially using an average stability, something similar to neutral conditions, it is overestimating dose in the south sector because those winds are predominantly unstable.
Even though windspeed is not considered in the three-parameter model, its influence on model variability was examined as an additional determinant of its importance. The distribution of δ 2 as a function of windspeed, consistent with the finding that windspeed was not a reasonably important factor, suggests that windspeed does not systematically affect reduced-model results.
DISCUSSION
The three-parameter transport and dosimetry model is useful for quick and easy estimates of chronic atmospheric tritium dose that are within a factor of 2 of estimates by more sophisticated models. When examining the aggregate of the tritium transport and dosimetry models (Eqn. 7), we see that, for a given site, there are very few parameter values that change from one calculation to the next. In fact, the only parameters that change are those that deal with atmospheric transport.
Thereafter, dose predictions are directly proportional to air concentration. The three parameters critical to estimating annual average concentration are those in the final reduced model, winddirection frequency, downwind distance, and physical stack height. This reduced model is specific for the SRS and should not be used at other facilities unless it results have been compared to more sophisticated site-specific models.
As indicated above, the model's relative number of over-and under-estimates can be altered by changing the value of the constant, K. For example, if it is desirable that the model rarely underpredicts, then the value of K could be increased accordingly. By increasing K, the values of reduced-model predicted dose in Fig. 2 increase proportionally for the range of doses.
Modifications to the value of B in the reduced model also, of course, will alter the reduced-model results. Because it is in the denominator, an increase in B results in a decrease in the model predictions. However, since it is in the power term, a change in B also affects the slope of the predicted-to-observed dose values.
Based on the chi-square calculations, the fit of predicted doses from the reduced model ("observed" values) to those of the full model ("predicted" values) are in excellent agreement for all reduced-model variants (see Table 2 ). For example, with 30 degrees of freedom (the maximum given) and at a significance level of 0.1%, the chi-square critical value is 59.7 (Box et al. 1978 ).
Since we have 110 degrees of freedom, the critical value for comparability in this work is, therefore, something greater than that for 30 degrees of freedom. As seen in 
predicts tritium dose at the Savannah River Site to within a factor of 2 over the range of scenarios developed, well within the known range of uncertainty of environmental tritium dose estimates.
This concept is being carried forward to the development of a reduced model for particulate emissions from stacks at the SRS. Fig. 1 . Influence of stack height and downwind distance on air concentration. Fig. 2 . Predicted vs. "observed" chronic atmospheric dose factor per GBq tritium released. 
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